The present study evaluates potential re-use options for two different types of brown coal fly ash (class C) sourced from Australia as feedstock for geopolymer binder systems. The study covers analysis of fundamental material and mix-design requirements for geopolymer binders as a basis to achieve durable brown coal ash geopolymer matrices.
Introduction
Approximately 90% of electric power in the state of Victoria, Australia is generated by burning brown coal deposit from the Latrobe Valley in Victoria. Earlier studies by Macphee et al [1] explored the suitability of brown coal fly ash in blended cement formulations containing slag and discovered that brown coal fly ash participates in the hydration process of cement. After that, Brown et al [2] used Loy Yang brown coal fly ash as a blending material in cement concrete. Shayan et al [3] also showed that 20-30% brown coal fly ash could be used as replacement for blended slag cements. They showed that high sulphate level of brown coal fly ash is one of the main limitations to its direct usage as a supplementary cementitious material. Furthermore, high soluble sulphate levels and MgO content have the potential to cause long-term durability problems like excessive expansion due to MgO hydration [3] . Shi et al [4] observed that class C fly ash surface has various condensates like alkalis and sulphates through scanning electronic microscopy.
Geopolymer binders are influenced by silico-aluminate rich source materials such as SiO 2, Al 2 O 3, CaO, amorphous content, particle size, char content etc. [5] [6] [7] [8] . However, different types of reactive secondary blending materials can initiate the reaction process providing sufficient Si +4 and Al +3 ions into synthesis [9] . In addition, reactive SiO 2 /Al 2 O 3 also remain one of the significant key factors in geopolymer reaction processes. Chindaprasirt et al [5] reported that the total SiO 2 /Al 2 O 3 for high calcium geopolymer systems should be 3.2-3.7.
Metakaolin, slag and class F fly ashes are the more commonly used reactive materials in geopolymerisation [8] . Bankowski et al [10] observed that geopolymerisation of brown coal ash reduces the leaching of heavy metals from the fly ash. However, they did not provide engineering properties of geopolymer binders based on Latrobe valley fly ashes. More recently, Law et al [11] prepared geopolymer mortar based on Australian brown coal dry precipitator fly ash. They used high alkaline systems and high curing temperatures to increase the reactivity of the brown coal fly ash. However, they did not consider the durability of the brown coal fly ash geopolymer.
In the present work, two different types of Latrobe valley fly ashes (sourced as (i) dry precipitator ash and (ii) lagoon fly ash) were investigated by blending to achieve target SiO 2 /Al 2 O 3 molar ratio in order to assess strength and durability behaviour.
Materials and Methods
The main alumina-silica source materials are used in this study Class C (Brown coal) dry precipitator (C-DP), Class C lagoon fly ash (C-LG) and class F fly ashes obtained from Australian power stations Loy Yang (Victoria) and Gladstone (GFA) (Queensland). Ground granulated blast furnace Slag (Slag) was used from independent cement Australia. D-Grade sodium silicate (29.4 SiO 2 and 14.7 % Na 2 O by weight) from PQ Australia and 8M sodium hydroxide solution is used throughout the experiment. The mass ratio between Na 2 SiO 3 and NaOH is kept constant at unity. Commercial sand was used to get material to sand ratio 1:2.
Characterisation of materials
The overall chemistry of the materials (chemical composition and reactive phases) and physical characteristics (particle size) were obtained using Quantitative X-ray diffraction (XRD), X-ray flouresence (XRF) and particle analyser techniques. The chemical composition of the fly ashes is shown in Table 1 while Table 2 shows the mineralogical phases of the materials. Compared to Loy Yang dry precipitator, lagoon ash has low SO 3 content. According to Table 2 , Loy Yang DP and LG have lower level of crystalline content (less than 40 %). Particle size distribution Figure 1 shows the particle size distribution of fly ashes (brown coal fly ashes) and class F fly ash. While Table 3 shows the summarized particle distribution results. 90% of particles of the C-DP and C-LG are less than 50µm which is appropriate in the geopolymer feedstock. According to Table 3 , GFA has 30% particles less than 2 µm while C-DP and C-LG have corresponding percentage values 20 and 10 µm respectively. Geopolymertic leaching process (Si and Al ion leaching) happens in the surface of the fly ash particle, therefore it is important to have suitable physical characteristics in fly ash particles [8, 7] .
KKU International Engineering

Preparation of Geopolymer samples
Lagoon Fly (C-LG) ash was dried to remove moisture content before the study. A total of 10 brown coal ash-based geopolymer mix designs were prepared with varying amorphous SiO 2 /Al 2 O 3 molar ratios (alumino silicate source material) as tabulated in Table 4 . Alkali activated mixtures were cast in 50mm cube moulds with equal flow basis. The specimens for one day strength were cured 24 hours while for long term testings 8 hours at 60 0 C in 100% RH environment and sealed to prevent moisture loss. Compressive strength testing was carried out at 1, 7 and 28 days. After curing, all samples were stored at room temperature in well-sealed plastic containers till testing. Results and Discussion Figure 2 shows the average compressive strength variation for the brown coal fly ash blended geopolymer formulations ( Table 4) . The 100% C-DP and C-LG fly ash samples yielded very low compressive strength values. It is observed that with increasing slag and GFA addition, the compressive strength values improved for both C-DP and C-LG mixtures. From Table 4 , mixtures with C-LG have lower compressive strength value compared to C-DP for all formulations except formulation #9.
C-DP and C-LG fly ashes have amorphous SiO 2 /Al 2 O 3 molar ratio 10.446 and 1.8 respectively. Previous research showed that these ratios are not suitable for use as geopolymer alumino silicate source material [12, 5] . Mixtures #9 and #10 display higher compressive strength (more than 30 MPa) for both C-LG and C-DP. The amorphous SiO 2 /Al 2 O 3 molar ratio of the alumino silicate source materials in #9 and #10 mixtures falls within the range 2.5-5.5.
The compressive strength variation up to 28 days for mixtures #9 and #10 is shown in Figure 3 . C-DP and C-LG have 25 and 17% strength enhancement within a week with 58% and 60
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% strength improvement respectively within 28 days from the casting day. The calcium ions present in geopolymer system improves the strength in long term due to CSH formation in addition to geopolymer gel formation [5] . The reactive silica and alumina content of the alumino silicate source material in geopolymer one of the key parameters for engineering performance [8] . Figure 4 shows the ternary diagram which is generated by calculating reactive molar contents of Figure 5 shows geopolymer pastes after full immersion in water. C-DP fly ash based geopolymer pastes deteriorate after few days exposure while geopolymer binders with Loy Yang lagoon fly ash displayed good water stability. C-DP blends (#9) has amorphous SiO 2 /Al 2 O 3 molar ratio around 5.1 while C-LG blends (#10) has ratio of around 2.6. Fletcher et al [12] reported that when SiO 2 /Al 2 O 3 molar ratio of around 2 typically leads to normal geopolymer binder characteristics. The role of aluminium must not also be ignored; C-LG ash has high aluminium content compared to C-DP fly ash. In general, the aluminium content in the alumino silicate source material controls large number of geopolymer properties [13] [14] [15] [16] . 
